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I (57) Ab^tracl 

A programmabfe mctaHizatk>n 
cell (TMCO comprises a fast ion 
I condoclor sUcb as a chalcogcmdc- 
J metal »6n and a plurality of electrodes 
I (tg.. an anode and a cathode) dis- 
[ posed at the surface of the fast ton 
I conductor and spaced a set distance 
I apart from each other. Pyeferably, 
I the fast ion condutlor comprfscs a 
eh^lcogcnide with Croi^ IB or Group 
I IIB metals, the anode composes sil- 
the cathddc coniplscs alii- 
I mihurn or otlfcr condi>ctbr. V/b^n a 
I y^^e »s applied to the ariodc and 
I the cathode^ a non^VoT^iile ihfclal den; 

StCiii*^^;^^^^""^^^^ m n-c or U« ac^. is . fincuon I 

b, itvcmng Ihe votoge PotoritY al tffc «^ ZTr^^^iT^ -^"^ ^ n:mi>vmg ihc votoge ahd Bie dcfadrilc may be retracted 

oplical dcvico. «m™i. and ihc like Hltmx)«^dilto>al .» Z^^i!^ l.^^ P«.gra™maWc •csisror/capacitoi devices. ' 

or dev.cs i„ sensing e,e...fatr^rrl'"H llTe d^^nr^t eTte^ o^rSfn^i^:.'- " 
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^RO0nAMMABLEMkTALUZAtiO!^CELL STftUCWRE 
AND METHOD OF MAKING SAME 

The present inVentior, relates, generally, to a programmable rnetallization cell 
5 comprising a fast ion conductor, a plurality of electrodes and a voltage-controHed 
metal structure or dendrtte formed at the surface of the fast ion conductor between 
the electrodes, and more particularly, to devices such as electronic memory, 
programmable resistors and capacitors, integrated optical devices, and sensors 
utilizing the prograrhmable metallization Cell. 

0 Background Art and Technical Problems 
Mbrnbiry Devices 

Memory devices are used in electronic systerns and computers to store 
information in the form of binary dsta. These memory devices may be characterized 
ihto various types, each type having associated v^ith it various Sdvamages and 

5 disadvantages. 

For example, random access memory {-RAM") which may be found in personal 
cbrhjiuters is volatile semiconductor memory; in other words, the stored data is lost 
if the power source is disconnected or removed. Dynamic RAM ("DRAM') is 
particularly volatile In that it must be "refreshed- {i.e. recharged) every few 
fnieriosBCftnas in Order to maintain the stored d^ta. Static RAM ("SRAM") will hold 
the data after one writing so lottg as the power source is maintained; once the pov>^er 
Source is disconnected, hoWeVer. the data is lost. Thus, in these volatile memory 
configurations, information is only retained so long as the power to the system is not 
turned off. 

CD-ROM is an example of non-volatile memory. CD-ROM is large enough to 
contain lengthy audio and video segments; however, information can only be read 
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fhJiT) and not wmten to this memory^ Thus, once a CD-ROM is programmed during 
manufactiire, it cannot be reprogramriied with new information. 

Otherr storage devices such as magnetic storage devices (i.e., floppy disks, hard 
disks and rinagnetic tape) as well as other systems, such as optical disks, are non- 
5 volatile, have extremely high capacity, and can be rewritten many times. 

Urifbrtuhatery, these memory devices are physically large, are shockMbration- 
/ Sensitive, recjuire Expensive mechanical drives as well as consume relatively large 
^moiints of power. These negative aspects make these memory devices non-ideal 
for I6v^ poWer portable applications such as lap-top and palm-top computers and 
10 personal digital assistants ("PDAs"). 

Due to the rapidly growing numbers of compact, low-power portable computer 
systems in which stored information changes regularly, read/write semiconductor 
rherhories have become widespread. Furthermore, because these portable systems 
require data storage vvhen the power is turned off, a non- volatile storage device is 
1 5 retiuirfed. The simplest prbgrarnmable semiconductor non-volatile memory devices in 
these computers are progrartimable read-only memory ("PROM"), The most basic 
PROM uses an array of fusible links; once programmed, a PROM cannot be 
reprogrammed. This is an example of a write-once read-many ("WORM") memory. 
The erasable PROM ("EPRDM") is alterable, but each rewrite must be preceded by an 
20 erase stejp irivolvihg exposure to ulUa violet light. The electrically erasable PROM 
CeEPftOM* or "E^PROM*") is perhaps the most ideal of conventional non-vobtile 
s^rhicdir^ufetor rherrioi^^ as it can be Written to mahy times. Flasf^ rhemdries, andther 
typfe 6f EEPftOM, have higher capacity than the low density, traditional EEPROMs biit 
lack their endurance. One major problem with EEPROMs is that they are inherently 
25 complex, the floating gait e storage elfements that are used in these memory devices 
are difficult to manufacture and consume a relatively large amount of semiconductor 
real estate. Furl her rindre, the circuit design must withstand the high voltages 
liecessary to program the device. This means that an EEPROM's cost per bit of 
memory capacity is extremely high compared with other means of data storage. 


Another dfeadVantage of EEPROMs is the, ahhoogh they can retain data without 
having the ?»oWer source connected, they require relativeh, targe amounts of power 
to prbgfafri. Tbi. power drain can be considerable in a compact portable system 

poivered by ^ battery. 

S Recehtly. great amount of attention has been given to an altferhative non- 

vol^.l.rr,femorvtfechhol6gy based Oh ferroelec»rrcmat.ri^^^ Unfortunately. th.re is 
st.ll a gre.t hUrhb^r of problems associated with this data storage approach that have 
prevented the v*id«pread apl&licatioh of ferroelectric materials, the various problems 
.ncludihghO,vld.al .tbta9etharaeteristics and extreme difficulties in manufacturing 
1 0 Accordingly, in view of the various problems associated with conventional data 

storage devices described above, it is highly desirable to have a road/write memory 
technology Md devide which is inherently simple and inexpensive to produce 
Furthermore, this memory technology should meet the requirements of the new 
generation of portable computer device, by operating under a low voltage while 
1 5 providing high storage density, non-volatility. and a low manufacturing cost. 
Prbgr&mmable Passive and Active Components 

Electrofiic circuits may comprise hterally millions of component parts These 
componem parts generally fall imo two distinct categories, namely, passive 
component, arid active componems. Passive components, such as resistors and 
20 capacitors, have electrical values associated with them which are relatively constant 
On thte other h.rid, the electrical values of active component., such as transistors 
; , de.ighfed^f^ change wheri a voltage or current i. applied to control electrode. 

Because y^.thg^Xtfertsive use of these two types of components. It is highJy 
des,rable ,d H^Ve a low^cos, device which may perform both the functions of a 
25 passive component and an active componem. For example, it would be highly 
desirable to have a device that act. as an active componem which responds to an 
applied signal by ahering its resistance and capacitance and yet, in an alternate 
embodiment, the same device acts as a passive component which can be pre- 
progiammed (i.e., the change is -remembered" by the device alter programming is 
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tiimplhm. such a device wBuld be able to be implementfed in many diver?jfe 
aijplieations froiti toned circuits in cbnrimunicatiohs equipment to volume controls in 
- audio systems. 

' '&f>tld<»i Devices 

5 Recently, there h^s been ah eiibriiDous demand for various optical devices such 

as disj^lay devices fdr lap^top computers, high definition television (-HDTV), spatial 
llQHt modulators, shd the like. It would be highly desirable to have a lovir cost, highly 
fnartuf acturable device that may be utilized in such optical devices as, for example, 
a shutter to block the passage of light through an optical cfell or as a mirror w^hich 
ib may deflect ia scanned iricident beam on or off a screen or other target. 
Sehsbrs 

The mfeagurement of exposure to ultraviolet radiation and other forms of 
radiation is very impbrtant as radiation is believed, for example, to promote skin 
cSncer iand other darnSging effects to an individual, 
is Accordiriglv, it is desirable to have a highly manufacturable device that may be 

Used ih ibw'cosit, wavelength sensors or sensor arrays for short wavelength radiation 
such as ultraviolet radiation iia'-ia' meters), x-rays JIO'-IO and gamma rays 

Cbhfblu^ibn 

20 Because of the widespread use of devices such as memory devices, 

#o^^ammabi6 resisrtor^a^^^ capacitor devices, Electro-optical devices, and sensors. It 
is veiiy dfeifabie to haVe 6 low co^t. easy to manufacture device that rhay be 
irni^temferited >h all bf tfVese vSnotts a^^licStibns. ^mohg others. 


25 


Suntmii^r of thb Ihvehtioh 

In acfcordahce with an exemplary embodiment of the present iriventlon, a 
prograrrtmable metallization cell (-PMC) comprises a fast ion conductor such as a 
cbalcogenide-metal ion arid at least two electrodes le g., an anode and a cathode) 
comprising art electrically conducting material and disposed at the surface of the fast 


- 4 - 


FCT/US^/09367 


.on cortdufctor a sfet dj^tanfee .part frdm each other. CbalcogenWe ,r,aterials as 
referred to berdn Include ai. those corppounds Sr,voh.ing sulfur, selenium and/or 
tellunorn. In a jirefertfed embodirr^en,. the fast Ion conductor comprises a 
chalfeogenide .Hd Group I or Group II metals (most preferably, arsenic trisulphide- 
5 s,h,er), the ahode cbmprisW silver ar,d the cathode comprises aluminum or other 
cohductfr^g maferiaL When a voltage is appHed to the anode and the cathode, a non- 
vola»,le metal dendrite rapidly grows from the cathode along the surface of the fast 
roh conductor towards the anode. The growth rate of the dendrite is a function of 
the applied voltage and time; the growth of the dendrite may be stopped by removing 
10 the voltage or the dendrite may be retracted back towards the cathode by reversing 
the voltage polarity ^t the anode and cathode. Changes in the length of the dendrite 
affect the resistance arid capacitance of the F>MC. 

In accordance With one aspect of the present invention, a PMC is utilized as a 
memory storage device. More particularly, by applying a constant or pulsed bias to 
15 the cathbde and anode over a period of time, a dendrite of a certain length is 
produced. Associated with this dendrite length are measurable electrical parameters 
such as resistance arid capacitance. In a preferred embodiment, both analog or digital 
values Hiay be stbred in the device. 

In aecordaWce with another asp^^^^ 
,20 as a programmable resistor/capacitor device wherein a specific resistance or 
c.pac.tancfe value is programnied by applying a DC voltage for an appropriate period 
Of time. 


In actordSfice With yet aribther Aspect of the preterit inVehtion. an electro- 
optical device corhprises a PMC having electrodes of broad width. When a large 
25 voHage is applied to the electrodes, a dendrite "sheet" is produced that acts as a 
shutter to block, the passage of light through an optical cell or as a mirror lor 
deflecting a scanned incident beam on or off a screen or other target. 

In accordance with still a further aspect of the present invention, a PMC is 
utilized as a short wavelength radiation sensor. Because the growth and dissolution 
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fate ther tneXal dfeiVdriie is sensitive to certain wavelengths, the difference in the 
growth rate of thi dendrite can than be related to the intensity of the incident 
radidtioh. 

Brief D^scfipiwh di the 'Dray^fhg FlpOres 
5 The present iWfehtioti will hereinafter be described in conjunction with the 

appended drawing figures. Wherein: 

FIG: lA is a pldh view of a prbgraWnable metallisation cell in a lateral 
dbnfi^Uration in accdrddnce with one embodiment of the present invention; 
FIG. IB is a cros§^secttohal view of FIG. lA taken from line 1-1; 
i 0 FiS. 2 is a g^aphit representation showing the relationship between resistance 

and time in an exiemplsry ptbgrammable metallization cell; 

FIG. 3 is a graphic representation showing the relationship between capacitance 
and time in an exemplary configuration of a programmable metallization cell; 

FIG. 4A is a plan view 6f a programmable metallization cell in a vertical 
15 configuration in accordance with another Embodiment of the present invention; 
FiG. 46 is a cross-sectional view of FIG. 4A taken from line 2-2; 
FIG. 5A is a plan view of an exemplary lateral type memory device in 
accordance V^'ith tha present invention; 

FIG. 5B is a cross-sectional view of FIG. 5A taken from line 5-5; 
26 FIG. 5C is a cross-fefectional view of a lateral memory device in accordance with 

anotbfer embodiment of thb jiresfent invention; 

FIG. 5b is a erPss-Sedtibrial view of a lateral memory device in accoVdancfe with 
yiet anothlgr embodim^t 6f the present inverition; 

FIG. 5E is a Cros;s-s:ectional view of a lateral memory device in accordance with 
25 still y6l another embodiment of the present invention; 

FIG. 6A is a plan view of an exemplary vertical-type memory device in 
accordance with the present invention; 

FIG. 68 is a cross-sectional view of FIG. 6A taken from line 6-6; 


Pia 7 A \& a pfen . vi6V of drt gxerhplary embodlrftent 6t a programmable 
resfetance/cap^chance device m accordance whh the preserjt inverition; 
FIG. 7B is cross-seetional view of FIG. 7A taken from iirie 7-7; 
Fic: 8a a plan viifw of a prbgrSmmable resistahce/dapacitartce device in 
5 atcbrdante With ^h&fhe* embodirhefit of the preser^t invention; 

FIG.: 8B is a crosS-iectional view^ bf FIG. 8A taken from line 8-8; 
Fid. 9A is a plan View of an exemplary electro-optical device in accordance 
with the preiseht invgritibh; 

FIG. SB is a cfbss-sectiohal view of the electro-optical device of FIG. 9A taken 
10 from linfe 9-9; 

FliS. 1 0A is k plain vitew of dn 6xmp\ary radiation sensor in accordance with 
the present inVehtibh; and 

FIG. 1 0B is a cro^sf^sectional view of the sensor bf FIG. 1 0A taken from line 
10-10. 

1 5 betBM/ed Descnpb'on of Pri^ferrea Exemplary Embodiments 
K PtrbgraiinntiabliBi MetalBzatioA Cell 

Rbfferrihg now to FiGS; 1 A arid 1 B, an exemplary programmable metallization 
cell C^PMG-) 10 in. a later&i or hbriiohf al configuration is shown in accordance with 
one embodiment of the present invention. FIG. 1 A is a plan view of PMC 1 0 and FIG. 
20 IB is a cross-sectional view of PMC 1 0 taken from line 1-1 of FI6 3A. PMC 10 
co»ht,rises a fait ion cbhductor 12 and a pluralliy of electrodes 13 and 14 (e.g. 
ciathbde 13 and a^^ dispasW^ the surf ace of fast ion conductor 12^ 
Ojitiohally. a supportirtg Substrate 11 may be provided at the base of faV;t ion 
conductor 12. above electrodes 13 and 14 (not shown), or both, to give added 
25 strength and rigidity to device 10. Substrate 11 may appropriately comprise, for 
example, plastic, glass, or semiconductor material. 

With continued reference to FIGS. 1 A and 1 B. fast ion conductor 1 2 comprises 
a solid electrolyte, a metal ion-containing glass, a metal ion-comaining amorphous 
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semicoriductor, a cbslco^enid^-metdl ion, or the fike. In the broddest sfense, a 
chslcogenide material in accordance With the preser^t invehtion includes any 
cbmpotihd cotitaihina gdlfur. seleniurh and/or tetturiuni, whether ternary, quaternary 
dr hifih-er c'orrtpouhds. In a /^referred embodiment, fast ion conductor 12 comprises 
5 a chalcogenide-nietal ion composition, the chalcogenide matwial is Selected from the 
group consisting of srSenic, gehmahium, selenium, telJurium. bismuth, nickel, sulfur, 
polonium and zinc (preferably, arsenic sulphide, germanium sulfide, or germanium 
selenide) arid the metal comprises various 6rt,up I or Group M metals (preferably, 
sih/er. cojiper. zinc or a combination therebf). The chalcogenide^metal iori 
10 composition may be obtainfed by photodissolution, by depositihg from a source 
comprisirig the chalcogertide and metal, or by other methods knowh in the art. 

With cominued reference to FIGS. 1 A and 1 B, in a most preferred embodimem. 
fast ion conductor 12 cdmprises arsfenic trisulphide-silver ('As^S,-Ag'). The sih^er is 
introduced into the As,Sj by illuminating d thin sih^er film and the As,S, layer with 
il& light of wavelensth less than 500 nanometers. If sufficiem sih/er is present, the 
process results in the formaiibri of a ternary compound which is stoichiometrically 
similar to the mineral smithite (AgA^Sj), a stable amorphous material. Preferably, 
sufficient silver is deposited on the chalcogenide surface to form the equilibrium 
phase throughout the chalcogenide layer. While it is possible for PMC 1 0 to operate 
20 Without fast ion conductor 12 being in the equifibrium phase, the operation of PMC 
10 requires corisideraibly higher voltage. 
; With continued refefehc6 to FIGS. 1A and IB. electrode^ 13 and 14 are 
suitably arranpd af»aM from each other at the Surface of f^st ion conductor 12. 
forming a distance d1 in the range of preferably hundreds of microris to hundredths 
25 of microns. Electrodes 1 3 dhd 1 4 may comprise any electrically conducting material 
that will produce an electric field for the rapid transport of metal ions in fast ion 
conductor 1 2. When a voltage is applied to electrodes 1 3 and 1 4. a metal dendrite 
15 grows from electrode 13 (i.e. cathode), the electrode connected to the negative 
pole of the power supply. Dendrite 15 grows by precipitation frbm the solid solution 
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of cStiohs {64. silver cations) dn fcathode 13 cre^tfed by a high local electric field. 
DfehdrHB 1 S ma/ be alloWgd to groi* across the surface of fast ion conductor 12 until 
it meets opposing efectrbde 14, thereby closing the gap and cbrrtplBting the electrical 
Circuit. AKerhatiVely. dfehdrite 1& may be halted before it reaches anode 14 by 
5 removina the VohSge source or by placing an insulating physical barrier before the 
anode. As lofig asr dendrite 1 5 does not touch oppoMte electrode 1 4, its growth can 
be easily stopped and retracted by reversing the voltage at electrodes 13 and 14. 
Changes in the length of dendrite 1 5 affect the resistance and capacitance of PMC 
10: these chanQes may then be easily detected using simple circuitry known in the 
ID art. Another important characteristic of deindrite 15 is its rion-volatility; metal 
deiidrtte 1 5 remains intact when the voltage is removed from- electrodes 13 and 14. 

With continued reference to FIGS; lAand IB, in a preferred embodiment where 
fast ion cbftductor 12 comprises As,5,-Ag, anode 14 comprises silver such as a solid 
sihrei' layer or a silver-alumirium bilayer; this allows for rapid dendrite growth to occur 
15 at a relatively low electric field as anode 14 acts asa sacrificial electrode. Cathode 
13 may be a solid silver layer, an aluminum layer, or a silver-aluminum bilayer. and 
in some cortfiguralioris aluminum is the preferred material. If electrodes 13 and 14 
cbmprise silver (e.g. pure sih^er or ah aluminum-silver bilayer), dendrite 15 will grow 
frbm the electrode that is connected to the negative side of the power supply; when 
20 the voltage is reversed, the previous dendrite is dissoh^ed or retracted and a new 
dendrite grows from the opposite electrode. Ahernath^ely, if cathode 1 3 comprises 
aluminum Srtd anode 1 4 comprises pure sih^er or a sih^er alumihum bilayer. dendrite 
15 Will ohh^ grow iiotn cathbde 13; when the voltage polarity is reversed, dendrite 
15 will retract towards cathode 13 but little or hO dendrite groWth will occur from 
25 opposite electrode 14. If anode 14 or both cathode 13 and anode 14 comprise 
alumihum or another non-disso^irig metal (e.g., gold), growth of dendrite 15 becomes 
extremely slow and requires a high applied vohage. 

With continued reference to FIGS. 1A and 1 B, the growth rate of dendrite 1 5 
is a function of the applied voltage and time. Low vohages result in relatively slow 


grovl^h Vi/bferieas higher voftage^ produce extreftifeiy rapJd drtiWih. h shiall gebrriefry 
divides (i.e., a few microns in width), vbltaQfes in the rtfnge of apprdxirhately D.5 
vbtts to 1 .0 vom produce single dendrite structures with growth rates greater than 
1 d'» nri/s While yohSges in excess of 1 6 volts can produce a "sheet" of dendrite 1 5 
S between eledtrodes 1 3 and 14, rather than a single dendrite. 

With continued r«f erfente to FIGS. 1 A and 1 B, a soft, polyrneric coating Jhot 
Shown) such ias polyirnide or novoldc may be disposed dver fast ion conductor 12 and 
Electrodes 13 dnd 14 for prdtfecting PMC 10 from moisture or pbysital damage whfle 
stai allowifsg growth of dendrite 1 5. 
b deferring noW to I^IGS. 2 end 3, graphic representations show the relationship 

in a PMC between resistance and tirrte and capacHance and time, respectively. The 
PMC used to obtain these results Was a relatively large device (i.e. approXimdtely 1 2 
Hniicrdhs fi^ojin electrbde to electrode); nevertheless, these results pfovidfe a fair 
oVWview of the general electrical cKaracteristics of the PMC. 
5 With specific reference to FI6. 2, a curve 32 represents the relationship 

between the resistance and tirhe of the PMC. Before any voltaQe is applied. to the 
electrodes of the PMC, the resistance of the PMC is approximately 2.65 megohms, 
when a small 0.7 volt bias is applied to the electrodes as a series of 0.5 second 
iJiilses. the resistance of the PMC demonstrates en inversely proportional relationship 
0 tb thte length df time the vohage is applied to the electrodes. For example, the 
resistance value after 4.5 seconds of Spplied Voltage has decreased approximately 
65bK ohrhs to apprbximStely 2.1 megohms. Greater changes in the resistance vahie 
a^e achieved when a srhSller PMC device or larger Voltages are used. 

With reference now to FIG. 3. a curve 42 shows the relationship between the 
5 capacit&nce of the PMC versus time. At apprdximately 0.5 seconds of an applied 0.7 
Vbit bias, there is apprbxirtiately 0.45 picofarads of capacitance for the PMC device. 
When 0.7 volts is applied to the electrodes as a series of 0.5 second pulses, the 
capacitance of the PMC then rapidly increases to approximately 0.9 picofarads after 
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4.5 seconds, the capacitance increase is even greater if a smalter PMC device is 
lised or larger voltages applied. 

With reference nov/ to FIGS. 4A and 4B, a vertically cohfigured PMC 20 is 
illustrated in accerdahce With anothfer embodiment of the present invention While 
5 the lateral configuration of FIGS. 1 A ar,d IB is easier to fabricate arid has a lowet 
associated manulaeturirfg Cost, the vertical configuration provides the advantages of 
a much more corh^act device. FIG. 4A is a plan view of PMC 20 In the vertical 
configuratibri aVrd Fi6. 4B is a ctoJss-sedtiOnal view of PMC 20 taken from line 2-2 of 
FI64A. . 

TO With contiftued reference to FIGS. 4A and 4B, an electrode 23 (e.g., a cathode) 

and an electrode 24 (e.g.. an anode) are positioned apart from each other in parallel 
plartes. A fast ion fcOhdoctor 22 is disposed or sandwiched between electrodes 23 
and 24. When a volt^e is applied to cathode 23, a dendrite 25 grows from cathode 
23 along th6 surface of fast ion conductor 22 towards anode 24. In a preferred 

15 embodiment, a supporting substrate 21 is provided adjacent electrode 24 or 23 to 
support and give rigidity to PMC 20. 

II. Metal Dehidrite Memory 

As described abbve. a PMC may be implemented in various different 
technologies. One such application is in merhory devices. 
20 Turning now to FIGS. 5A and 5B, an exemplary memory tell or rrietal dendrite 

rnemory CMDM") d6n 50 is shown in a lateral or horizontal cortfiguration. FIG. 5A 
is a plan View Of MbM S6 arid FIG. 5B is a cross-settiorial vfeW of MDM 50 taken 
ifrom line 5-5 bf FlG 5A. In this illustrated embodimerit, MDM 50 comprises a 
substrate 5 1 which provides the physical support for the memory cell or device. If 
25 substrate 51 is noh-insulating or otherwise incorripatible whh the materials used in 
MDM 50, an insulator 56 may be disposed on substrate 51 to isolate the active 
portion of MDM 50 from substrate 51. Next, a fast ion conductor 52 is formed on 
substrate 51 (or insulating layer 56 if an insulator is used). Fast ion conductor 52 is 
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aip>propnatgly p^ttferhed tb pr&vide Jsolatioh from memory cells or devices which rrtay 
be adjadfeht to cell «0. The dimensions Je;9. length, width and thickness) of fast ioh 
cohdoctbr 52 will deteirmirie. in part, the electrical characteristics of MttM 50. For 
example, if fast ion cohduetdt 52 is thin and Has a length greater than its width, the 
5 resistance value of MDM 50 will be greater than the resistance value if fast ioh 
fcdridudtor 52 Was thick an'd its width was greater than its length. 

With continued ref erehce to FIGS. 5A and 5B. the electrode materials are then 
deposited on coriductbr 52 and appropriately patterned to form electrbde 53 (e.g., a 
cathode) and electrode 54 (e.g., an anode). When a voltage is applied to cathode 53 
10 arid anode 54, a d^ndritfe 55 grows from cathode 53 along the surface of fast ion 
conductor 52 towards electrode 54. The dimension and shape of electrodes 53 and 
54 will have an effect on the electrical characteristics of device 50. For example, if 
electrode 53 is narrow or c6nies to a point, the electric field around electrode 53 will 
be high and growth of dendrite 55 will be rapid. On the other hand, if electrode 53 
15 has a broad configuration, the electric field at electrode 53 will be relatively small and 
the growth rate of dendrite 55 from electrode 53 will be slower. 

With continued reference to FIGS. 5A and 5B, an insulating layer 59 is next 
deposited on device 50. This insulating layer 59 protects the active area of MDM 50 
from mechanical darhage or chemical contamination. Holes 35 are then appropriately 
20 provided in insulating layer 59 so as to allow a contact 57 and a contact 58 to be 
6lectrical)y coupled with electrode 53 and electrode 54, respectively. 

With cohtiriued feference to FIGS. 5A and 5B. a person of skill in the art will 
ire-coghizfe that this is riot the dniy possible configuration or method for constructing 
a lateral MDM device. For example, ah aKernate configuration for MDM 50 may 
15 comprise forming electrodes 53 and 54 on substrate 51 and forming fast ion 
conductor 52 over these electrodes. In this configuration, dendrite 55 will grow 
along the iriterface between Substrate 51 and fast ion conductor 52. 

Turning now to a consideration of FIGS. 5C, the device shown there is similar 
to the memory cell or metal dendrite memory cell of FIGS. 5A and SB, but in which 
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additjohal electrodes dre provided. SpecificalJy, and referring now to FiBS. 5C, MDM 
cell 250 comt>rises an insulator/substrate portion 251 supporting a fast ion conductor 
252. As was the case with the construction referfenced in FIGS. 5A and SB, fast ion 
eohdiiotbr 252 is appropriately pattterned to provide isolation from muttiple adjacent 
5 cells or devices. Elefctrode materials are then deposited and patterned to form 
etectrdde 253 f unctiohirib Ss a cathode and electrode 254 fuhctioning as an anode. 
Wheh g voltage it applied to cathode 255 and anode 254. a dendrite 255 grows 
along the surface of fast ion fcOhductor 252 towards electrode 254 as shown in FIGS. 
5C AS was the case with the arrangement of FIGS. 5A and 5B, contacts 257 and 
TO 258 are provided contacting the cathode 253 and anode 254, respectively. 
Additionally, and as shown in FIGS. 5C. two additional electrodes 260 and 262 are 
provided. With respective coritacts 264 and 266. Actually, in accordance with this 
aspect of the invention either one or the other or both of the electrodes 260 and 262 
rhay be provided, although the presence of both is shown in FIG. 5C. 
1 5 The additional electrodes 260 and/or 262 in accordance with this ernbodiment 

are provided In the same plane as the dendrite 255. and are separated by a material 
270 shoWr, in FIGS. SC. which can be either a dielectric material or a resistive 
material. In the case of a dielectric material, the device shown in FIGS. SC will 
exhibit programmable capacitahces between electrode 253 and electrode 260, 
20 betwten electrode 253 and electrode 262, and between electrodes 260 and 262, as 
w^M as Of course between ejectrodes 253 and 254. The programmable capacitances 
. bWWefen the varibtts electrodes sire programmed by the extai^t of growth of dendrite 

In the case of a situation where the material 270 is a resistive rriaterial, the 
2S device Will exhibit corresponding programmable resistances in accordance with the 
extent Of dendrite growth. Specifically, programmable resistances exist between 
eifectrodes 253 and 260, between electrodes 253 arid 262, between electrodes 260 
and 262, and of course between electrodes 253 and 254. The magnitude of all 
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resistances will detpend on the length of the dendrite grown between electrodes 253 
and 254. 

the device shown in FIGS. 5C can offer sctVeral advantages over the device of 
FfGS. 5A and 5B which only has two electrodes. Specifically, a dc bias voltage can 
5 be applied between any combination of the electrodes other than electrodes 253 and 
254 Without aHering the dendrite length and hence the capacitance and/or resistance 
of the device. This has important irtlplicatiohs for the use of the device in memory 
arraVs and othefr electronic circuit aiE)plicat)ons. These same considerations and 
advantages apply to a three electrode, rather than four electrode, device. Dendrite 
10 growth is restricted to occur bistween electrodes 253 and 254 and never between 
any of the other electrodes. Electrodes 253 and 254 are therefore the programming 
terminals of the device, with the oth^r electrodes being the output terminals of the 
device. 

Turning now to a Consideration of FIG. 5D, a device is shown in cross section 
15 sirhil^r to the device of FIGS. 50, but in which the additional electrode or electrodes 
is or are provided above the plane of the dendrite, rather than in the same plane. As 
shown in FIG. 5D, MDM cell 350 comprises an insulator/substrate portion 351 
siiipporting a fast ion conductor 352. As was the case with the construction 
referenced in FIGS. 5A, 5B, and 5C, fast ion conductor 352 is appropriately patterned 
20 to provide isolatibn from multiple adjacent cells or devices. Electrode materials are 
then deposited and paittferned to form electrode 353 functioning as a cathode and 
; electrode 354 functioning ias an anodet. When a voltaQe is^p^>iied to cathode 353 
vand anode 354, a dendrite 355 grows along the Surface of fa^t iori conductor 352 
towards electrode 354. Cdntakits 357 and 358 are provided contacting the cathode 
25 353 and arlode 354, respectively. Additionally, erther one or two additional 
electrodes can be provided, with one of these electrodes 360 being shown in FIG. 5D 
as situated above the plane of dendrite 355, and having contact 364. The additional 
electrode or electrodes 360 in accordance with this embodiment are separated by a 
material 370 shown in FIG. 5D, which can be either a dielectric material or a resistive 
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rtfateriar. In the casb dt a dielectnc material, the device shown in FIGS. 5D will 

exhibit programmable capacitances between electrode 353 and electrode 360. 

Betweier. eleetrode 360 shown and another electrode 362 beneath the fast ion 
... cblSductor (not shbwh) if provided, between electrode 360 and electrode 354, and 
5 Of bourse between etectrodes 353 and 354. The programmable capacitances 

bfetwefeh tte various electrodes are programmed by the extern of growth of dendrite 

355. 

In the case of a situation where the material 370 is a resistive material, the 
devics will gkhibh corresponding programmable rbsistahces in accordance with the 
10 extent of dendrite growth. Specifically, programmable resistances exist between 
electrbdes 353 and 360> between electrodes 353 and 362 (if provided), between 
electrodes 360 and 362 (if provided), ahd of course betweer. electrodes 353 and 
354. The rhaghitodfe of all resistaricfes will depend on the length of the dendrite 
. dir'bwn between electrodes 353 and 354. 
15 the device s^n in FIG. 5D, like that of FIG. 5C. can offer several advantages 

over the device of FIGS. 5A and 5B Which only has two electrodes. Specifically, a 
dc bias voltage can be applied between any combination of the electrodes other than 
electrodes 353 and 354 without altering the dendrite length and hence the 
capabita-nce aftd/or resistance of the device. This has importam implications for the 
20 use of the device irt memory arrays and other electronic circuit applications. These 
strife considerations and advantages apply to a three electrode, as well as a four 

354 ahd nev^r WetWeeri any 6f the bther electrodes. Electrodes 353 di^d 354 are 
Ibferefore thfe programming terminals of the device, with the other electrodes being 
25 the output terminals of the device. 

RiBferring now to FIG. 5E, a device is shown similar to the device of FIG. 5D. 
but in which the additional electrode or electrodes is or are provided in a plarie 
beneath the plane of the dendrite. In FIG. 5E MDM cell 450 comprises an 
insulator/substrate portion 451 supporting a fast ion conductor 452. As was the 


- 15 - 


cMe In the previous eVnbOdfmer>ts, fa4t ion Conductor 452 is appropriately patterned 
tb provide isolation frOm multiple adjacent cells or devices. Electrode materials are 
mn deposited and patterrifed to form electrode 453 functionirtg as a catt,ode and 
SI^t:trod6 454 fUrtciiOnlnfl as ah ahode. When a voltage is applied to cathode 453 
5 and .hode 454. a dendrite 455 grows along the surface Of fast ion conductor 452 
towardb electrode 454. Contacts 457 and 458 are provided contacting the cathode 
453 ar,d anode 454, respectively. Additionally, either one or two additional 
erectrodes c&h be provided, with one of these electrodes 460 being shown in FIG. 5E 
a^situatfetiberbw the plane of dendrhe 455. Electrical contact to electrode 460 is 
lO mt specifically shown ih FIG. 5E. but can be appropriately niade as known to those 
skilted in this art through ah irteulated or isolated via hole through substrate 451 and 
irisuiator 456, or through ar, appropriatfe irfeulated or isolated via hole extending into 
the electrode 46» from the opposite direction, i.e., though portion 470, which can 
be either a dielectric material or a resistive material. In the case of a dielectric 
15 material, the device shown in FIG. 5E will exhibit programmable capacitances 
between electrode 453 and electrode 460, between electrode 460 shown and 
another electrode 462 above the fast ion conductor (not shov.n and if provided), 
b^tweeri electrode 460 and electrode 454. and of course between electrodes 453 
and 454. The programmable Capacitances between the various electrodes are 
26 programmed by the extent of growth of dendrite 455. 

In the casfe of a situation where the material 470 is a resistive material, the 
. , device Will exhibit c6rresi>6hdihg programmable resistances in accbrdartee with the 
: ei(tfent of dendm^^rdwth: Spefeffifcally/programmable resistSrtces exist between 
electrodes 453 and 460, between electrodes 453 and 462 fif provided), between 
25 elemrodes 460 ahd 462 (if provided), and of course between electrodes 453 and 
454. The magnitude of all resistances wilt depend on the length of the dendrite 
grown between electrodes 453 and. 4 54. 

The device shown ih FIGS. 56. like that of FiG. 5C and 5D. can offer several 
advantages over the device of FIGS. 5A and 5B which only has two electrodes. 
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SpeciMy. a dc. bias vohage can be applied between any combination of the 
fetectrddfes othfer than eIct:trodes 453 and 454 without altering the dendrite length and 
henbe the capacitahce and/or resistance of the device. This has important 
implicatiori^ f6r the use of the device in memory arrays arid other etettronic circuit 
5 appllcatidns. Thesfe s^e considerations *)d advantages apply to a three electrode, 
as vvell ^s a lout electrode, device. Dendrite growth is restricted to occur bet«^een 
feleCtrcKles 453 and454and never between any of the other d^^^^^ Electrodes 
453 dnd 454 are thertsfore the prbgramming terminals of the device, with the other 
electiodes bfeihg the output terrhlnals of the device. 
10 Turriirig how to FIGS. 6A and 6B. art exemplary embodiment of a vertically- 

cbnfigured MDM 60 is shown. Fl(3. 6A is a plan view of MDM 60 and FIG. 6B is a 
cross-settibrtiBl view of FIG. 6A taken from line 6-6. 

With contihWed refWferice to FIGS. 6A and 6B. MDM 60 comprises a substrate 
61 Which provides physical sup^iort for the memory cell or device and. if appropriate. 
15 an insulator 68 to insulate substrate 61 from the active portion of MDM 60. 

With cdhtiriued reference to FIGS. 6A and 6B. an electrode 63 is formed over 
insulator 68. Ne«, ah insulating layer 66 is deposited and patterned over a portion 
of electrode 63 to form a via hole 69 using processing techniques known in the art. 
Via holb 69 serves as the housing for the active area of MDM 60. Next, a fast ion 
20 cohdudtbr 62 is deposited within via hole 69 using conventional techniques so as to 
extend froit, the tbp of bolfe 69 down to electrode 63 wher6 it is electrically coupled. 
Thfer^afiw. a via fill 67 such as a plight insulating material that will not hinder 
dehdritS grbWtK Is uSfed to filiihs uhfijfed portions of via hole 69 to protect the hole 
and prevent ovdrlyirig layers or materials frorh filling bole 69. 
25 With continued reference to FIGS. 6A and 6B, an electrode 64 is next formed 

so that at least a pbrtibn of electrode 64 makes electrical contact with fast ion 
conductor 62; Electrode 64 is preferably formed on a plane parallel to the plane 
formed by electrode 63 and at a right angle. Electrode 64 is prevented by insulator 
68 from making direct electrical contact with electrode 63. When a voltage is applied 
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to §l6£itr6des 63 arid 64. a dendrite 65 grows vertically at the surface of fast ior> 
conductdr 62 Shd along th6 ir^side of via hole 69, dendritft 65 extending from the 
cathodfe (e.g. elfecifrode 63) t&wards the anode (e.g. electrode 64). 

With continued r6»ef6T>cte to FIGS. 6A and 6B. the vertical configuration of 
5 Mdm 6b is considerably more cbmpact than the horizontally-configured MDM of 
FftiS; 5A and 5 B arid thus may be c6nsidered the "high density" configuration, as 
many itiore MDM elerihehts may be fabricated per unit area. For example, in the 
vertical version, hiXiltipfe aftfernating aribde and cathode layers writh intervening fast 
ion conductors iTiay bfe stscked tb dramaiically in storage 
densities in excess of 25 Mb/cm^ are possible with a single vertical structure and 
thsse deriiitie^ will double with an ahode-cathode-ahode arrangement. In such an 
m^tmh, thfe mijtimum sxorh^e density may be limited by the size and complexity 
6f thft cdlumri ar>d row decoder circuitry. Hbwever. if the MDM storage stack is 
fabricaled on an integrated circuit, the Whole semiconductbr chip area can be 
15 dedicated to rOw/colurnh decode, sfense amplifiers, and data management circuitry 
since the MDM elements will not use any silicon real estate, this should allow 
storage densities 6f rhahy 6b/cm» to be attained. Used in this manner, the MDM is 
esfsentially ari additive technology that adds capability and functionality to existing 
siiicori integrated circUii tbchholbgy. 
20 The exemplary MDMs of FIGS. 5 and 6 represent a significant departure from 

converitionai silicon^based microelettrDnics. SiHcon is not required for the operation 
: of the MDM unless cbntrol electronics are to be incorporated on to the same chip. 
Also, the overall mahteurihg pro^^ of an MDM is considerably sirrtplfer than evei^ 
the rridst basic Serhi66hdudor probessing techniques. With simple processing 
25 techniques coupiled with reasonable rriaterial costs, the MDM provides a memory 
device with a much lower production cost than bther memory devices. 
1. PROM and Anti-fuse Applications 

With continued reference to FIGS. 5 and 6, MDM 50 and 60 can be utilized as 
PROM type memory devices. Most current PROMs use fusible links which are broken 
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or blown during prbgrafriming. Once a link Fs broken, it carihot be remade. The 
MDMs of the present inventibn provide the ability to make, rather than break, a 
connection, this is more desirable as it gives more latitude and flexibility; for 
example/ even if a wrong link (i.e. dendrite) is made, this link can always be bloWn 
5 like a converttienal fuse. Also, the dendrites of the MDMs can withstand many 
make/brbak cycles; thus, multiple reprogfammirig cycles are possible. 

The MDMs of the ^rfesent ihveritiori may alsb be used in programmable logic 
arr^y^ CPLAs-). In PlAs. blocks of logic elements such as gates or adders are 
formed but are hot cbnhected. the connections are made to suit a particular low 
TO volume application (e.g. an application which would not justify a custom chip design), 
traditionally, the final connections between the various logic elements are made at 
the production facility. However, the MDMs of the present invention would allow 
such PLA devices to be -field ^jrogr^rnable' as it is relatively easy to electrically 
define hard conr.ections between sections on the chip with the metal dendrites. 

Anti-fuses are also found in integrated circuits wherfe redundancy techniques 
ate used to combat process-induced defects and in-service failures. For example, 
complex, high^ensity circuits such as B4 Mbyte DRAM, have more memory on board 
the chip then is actually used. If one section of the chip is damaged during 
processirig or fails during operation, spare memory may be brought on line to 
20 compensate, typically, this f>rbcess is controlled by logic gates on the memory chip 
and requires constant self-iBsting and electrical reconfiguration. An MOM in 
SccWdahce With thB *>tesfeht inveritior> Way l>e iricotporaied imo such merhory chips 
to approjsriately form rieW cOiinections inside the chip whfet, requirfed. 

Irt accordance with the present invention, data may be written to PROM 
25 configured MDMs ("MDM-PROMs-) by applying a constant or pulsed bias to the 
electrodes of the MDM to promote dendrite growth, the metal dendrite is allowed 
to reach the anode so as to form a low resistance anti^fuse connection, this 
connection changes both the resistance and the capacitance of the memory system. 
The MDM-PROM memory cell may then be easily 'read' by passing a small current 


15 
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(Ke. a curfent-smali enoiish ndi to damage the delWritfe) thrbiigh the dendrite 
connection. -Erasing' the MbM-r>ROM is atecomi>Hshed by passing a terge current 
through the dendrite so as to destroy the dendrite and break the copheCtiori. If 
ertough rrtetal ion matferial still remains between the opposing electrodes of the MDM, 
5 a new dendrite may be glrown later as appropriate. 

In the MDWi-PROM. the electrical change between the two dehdrite connected 
electrodes is so great that transistors are riot recjuired at the MDM cells. This is true 
regardless of whmhef a lateral or vertical configured MDM is einployed. In the 
vertical or high-density configuration, the memory element size becomes a function 
10 of anode/fast ion conductor/cathode geometry alone. This geometry allows the 
memory of the present invention to be the most compact electrical storage means 
available, much more compact than floating gate or ferroelectric memories which 
rfequire frBrtsistors to be part 6i their storage elements. In addition, both lateral and 
vmical MDM configurations may be formed on virtually any chemically and 
1 5 mechariically stable substrate material; if silicon is required for additional circuitry, the 
MDM may simply be formed on a silicon substrate. 
2. EEPROM Applications 

With cdntiriued reference to FIGS: 5 arid 6. theability to create and control a 
hon^volatile change in an electrical pararneter such as resistance or capacitance 

20 allows the MDM of the present invention to be usfed in many applications wNch 
would btbemise utilize traditional EtPfioM or FLASH technologies. Advantages 
provided by the presfent invention over pTeseht EEj^OM arid FUSH meiriory include. . 
arribng others. I6\^er production cost and the ability to use flexible fabricatiori 
techniques which are easily adaptable to a variety of applications. MDMs are 

25 especially adyahtageous in applications where cost is the primary concern, such as 
smart cards and electronic invemory lags. Also, the ability to form the memory 
directly on a plastic card is a major advantage in these applications as this is 
impossible with all other semiconductor memories. 
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Furtherjh accordsnbe with the MDM device of the ^^^^^^^^ 
elenverts rnaV be scal^ to less than a few sqtiare mlcrohs ih .iie, the acthre portion 
6f the. device being less than one micron. This provides a significant advantage over 
traditi<.nal s6miconduct6r technologies in which each device and its associated 
5 'nterconnfect can take up sfeveral tens of stiu&re microns. 

In accordance with ahcitber eif bodinrvent of the preserSt fnvehtioh pass 
transistors are Used in. the EEPROM configured MDMs (-MDM-EEJ>ROMs-J for 
providing EEPROM devices with DRAM-type densities. Alterhath^ely. th. materials 
''^^^^'^DM devices or separate diodes or tWh film transistors (-t^^ 
10 ,h place of the silicon pass transisiors to prevent celi-to-cell shOrt circuits in an array 
having a plurality of devices. 

In accordance with the present invention, data may be written to MDM- 
EEPROMs by applying a constant or pulsed bias to the electrodes of the MDM to 
promote dendrite growth. The growth of the dendrite changes both the resistance 
15 and capacitance of the device, both of which are easily measured. In the MDM- 
EEPROM, at, insulating barrier, such as an oxide wall, may be disposed adjacent to 
the anode to prevent the dendrite from reaching and electrically coupling with the 
anode when a voltage is applied. The MDM-EEPROM cell may then be easily "read- 
by applyirtg a small AC signal to the MDM device (i.e. alternating the anode and 
20 cathode). This AC signal, which "wiggles^ the dendrite back a^d forth but does not 
fully grow or retra.t the dendrite, results in a dynamic capacitanbe and resistance 
^; .0^^^^^ the low or high states. 'Rewriting- or -erasing the MDM^EEF^flOM 

V "^^.ly involves thfe .pplic«iah of ^bi.s voltage V.hich is oppoke to^he direction of 
the dendrite growth ,i.e. reversal of the anode and cathOde,: in a preferred 
25 embod,meht where one electrode comj,riSes aluminum and the Other electrode 
co„,prises Silver, .he dendrite will only grow from and retract toward the aluminum 
electrode; a new dendrite dOes not form from the silver electrode durir>g the retraction 
event. 
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Since thb MbM eleriierits exhibit highly non-volatile charactenstics, and sihce. 
the dendrite position (arid h^nce resistance and capacitance) is a functidh of the 
magnitude and duration of the applied vohage. miiltiple-state br n-state logic storage 
is also possible. In this storage scheme, more than two levels fi.e. binary) mdy be 
5 held in each storage cell; thus, increasing the overall storage density greatly. For 
exahsple. 4-statB sterage (pbssible by using lour dendrite (wsitidhs) allowg a doubfing 
of mfemory capacity per unit area for the same storage cell size. Thus, in accordance 
with the present invention, Mi)Ms may be able to store a continuum of analog, father 
than digital, quantities. The storage of analog values in conventional memory 
10 technologies is extremtely difficult if not impossible. 
3. Mifftafy ahd Aerospace Appfications 

The presem invention has many attributes which lead to other potential fields 
61 Ose. All read/write elettrohic memories are based oh the principle of a charge 
storage. In DRAMs the charge is stored for a few microseconds. In EEPROMs the 

15 Charge may be stored for years. Unfortunately, there are various processes which 
can change this chSrge such as ionizing radiation. For example, in military and space 
applications, alpha particles, when passing through a typical semiconductor device, 
leave a charged trail which Alters the charge in the semiconductor device: In the case 
of memofy technologies, this leads to soft errors and data corruption. The present 

26 invemion, on the other hand, does hot depend on charge storage but on a physical 
Change in the materials this material being unaffected by relatively large doses of 
radiation. In dtHer wtiras, the present irivention is radiation h&rd. this provides 
siShificant adVamages for military 3nd ^pace systems aS Well as many hidivir>tegrity 
commercial systems such as aircraft and navigation systems. 

25 4. Synthetic Neliral Systems 

Another application of the present invention is in synthetic neural systems 
(-SNS-). SNS devices are based on the workings of the human brain and are 
destined to become the next generation ol computing and control devices. SNS 
devices rely on the ability to make connections between elements as part of a 
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"leamlr^g- process, dorinections are forrfted between , he mt>5t active circuit nodes 
(.-e. those nodes which have signals present for a m^jorrty of the time), the 
"training' of the systerrvs, by the application of input, results in a form of hard-wired 
logic. However, this type of systerh is extremely difficult to achieve v.lth 
5 conventional silicon-based devices. On the other hahd, in accordance with the 
Present invention, SNS systems comprise MDMs. Because formation of a dendrite 
depends on the presence of a voltage signal, connections neturally fom, between the 
most active nodes as the dendrites grow toward the electrodes which have voltage^ 
applied to them: In Addition, the strength of the connection, goverhed by its 
10 ^^apacitshce, will depend on the strength of the input. This direct.ble analog memory 
effect .s another significant aspect of the present invention. 

HI. P'^ogrammable ftesistanbe/Capachtfnce Devices 

Referring now to FIGS. 7 and 8, an exemplary programmable resistance and 
e.p.citance CPR/C) device is shown in accordance with the present invention 
1 5 FIGS. 7A and 7B are plan and cross-sectional views, respectively, of a lateral type 
dev,ce. FIGS. 8A at,d 8B are plan and cross-sectional views, respectively of a 
vertic^type PR/C device in accordance with another embodiment of the present 
invention. 

With specific reference to Flt5S. 7 A and 7B, an exemplary PR/C device 70 is 
20 shown in a lateral or horizontal configuration. FIG. 7A is a plan view of PR/C 70 and 
FIG. 7B ,s a cross-stetiohal view of PR/C 70 teken from line 5-5 of Fl6. 7A In this 
illustrated erhb6dinf,#ht, PR/C 70. comprises a substrate 71 which provides the 
Phys,calsupt,6rt for the PR/C device. If substrate 71 i^ noh-insulating or otherwise 
.ncompatible with the materials used in PR/C 70, an insulator 76 may be disposed on 
25 substrate 71 to isolate the active portion of PR/C 70 from substrate 71 Next a fast 
ion conductor 72 is formed oh substrate 71 (or formed on insulating layer 76 if 
msulator 76 is used). Fast ion conductor 72 is appropriately patterned to provide 
.solat,on between adjacem PR/C or other devices. The dimensions (e.g. length, width 
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and thJckness) of fast Ion cbhdiictor 72 will effect the electrical characteristics of 
PR/C ro. For example, if fast ion conductor 72 is thin and has a length greater than 
its width, the resistance value of PR/C 70 will be greater than the resistance value if 
fast ion conductor 72 was thick and its width was greater than its length. 
5 With continued reference to FIGS. 7A and 7B. electrode materials are then 

deposited on f^st ion conductor 72 and approt,riately patterned to form electrode 73 
»e.&., a cathode) and electrode 74 fe.g., an anode). When a voltage is applied to 
cathode n sM anod& 74. a dendrite 75 grows from cathode 73 along the surface 
61 fast ion cortductor 72 towards electrode 74. The dimension and shape of 
10 electrodes 73 and 74 contribute to the characteristics of device 70. For example, if 
electrode 73 is narrow or comes to a point, the electric field will be high and growth 
of dendrite 75 from electrode 73 will be rapid. On the other hand, if electrode 73 has 
a broad configuration, the electric field at electrode 73 is relatively small and the 
growth of dendrite 55 from electrckle 73 will be slower. 
1 5 With continued deference to FIGS. 7A and 7B, an insulating layer 79 is next 

deposited on device 70. Insulating layer 79 protects the active area of PR/C 70 from 
mechanical damage ot chemical contamination. Holes 125 are then appropriately 
provided in insulating layer 79 so as to allow a contact 77 and a contact 78 to be 
electrically coupled with electrode 73 and electrode 74, respectively. 
20 With continued reference to FIGS. 7A and 7B, a person of skill in the art will 

recognize this is not the only possible configuration or method for constructing a 
laifeTal Pft/C Vlevice. For e3iSrt>ple. an alternate configuration for PR/C 70 comprises 
foiflfning electrodes 73 and 74 oh substrate 71 and then forming fast ion conductor 
72 on top of these electrtiaes. In this case, dendrite 75 will grow along the inteiface 
25 between substrate 71 and fast ion conductor 72. 

As discussed earlier in connection with FIGs. 50, 5D. and 5E, and focusing on 
metal dendrite memory (MDM) devices, devices in accordance with some 
embodiments of the invention include an electrode or electrodes additional to the two 
electrodes utilized to program dendrite growth, which can be used for "outputs" of 
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th. devices. These .re illustrated in FIGS. 5C. 5D and 5D. and the s.me structures 
are applicable 16. providing programmable capacitance and resistant .laments in 
contents other th.n memory elements and for appropriate application anywhere 
Capacitarice and resistance elements are utilized. 
5 turning now to FI6S. 8A and 88, an exen,p,ary embodimem of a vertically- 

cor^figured PR/C 80 is shown. F,6. 8A is a plan view of PR/C 80 and FIG 8B is a 
cross-sectional view of PR/C 80 taken from line 8-8 of FIG. 8A. 

With cpntinued reference to FIGS. 8A and 8B, PR/C 80 comprises a substrate 
81 which provides the mechanical support for the programmable eell or device and 
10 ,f appropriate, an insulator 88 to insulate substrate 8r from the active portion of PR/J 
80. An electrode 83 is then formed over insulator 88. Next, ah insulating layer 86 
.s deposited and patterned over a portion of electrode 83 to form a via hole 89 using 
processing techniques known in the .,t. Via hole 89 is used for housing the active 
.r.a Of PR/C 80. Next, a fast ion conductor 82 is deposited within via hole 89 using 
15 dohventior,., t.chbiqUes so a. to extend from the top of hole 89 down to electrode 
83 Where it is elecuically coupled. Thereafter, a via fill 87 such as a pliant insulathg 
material that will not hinder dendrite growth is used to fill the unfilled portions of via 
hole 89 to protect hole 89 and prevent the electrode to be formed above from filling 


hole 69 

20 


Wrth continued reference to FIGS. 8A and 8B. an overlying electrode 84 is next 
formed so that at least a portion of electrode 84 makes electrical cor^tact with fast 
.Oh e6nductor 82. Etedtrode 84 Is preferably formed on a plan, parallel to the plane 
formed by eleetrod. 83 ahd at . right angle. Electrode 84 is prevented by insulator 
^ 86 from making electrical contact with electrode 63. When a voltage is applied to 
25 electrodes 83 and 84. a dendrite 85 grows vertically at the surface of fas. ion 
conductor 82 and .long the inside of via hole 89. dendrite 85 extending from the 
cathode (e.g. electrode 83) towards the anode (e.g. electrode 84) 

With cominu^d reference to FIGS. 8A and 8B. the vertical configuration of PR/C 
80 ,s considerably more compact than the horizontal configuration of FIGS. 8A and 
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8B and thus may be considered the 'high density- cohfi9urati6n, as many mare PR/C 
efernents may be fabricated per unit area. For example, in the vertlc, version 
, muhipl. alternating ar.ode and cathode layers with intervening fast ion conductors 

may be .tacked to dramatically increase the number of elements per unit area 
5 With reference how to FIGS. 7 and 8. the PR/C devices of the present invention 

are typically constructed so as to be physically larger than the MDM devices of FIGS 
5 and 6 so that a greater parametric variability may be attainable. The PR/G devices 
Of the present invention are >ogrammed- using a DC voltage; consequently, a small 
.iQhal AC voltage would not affect the dendrite 6ohdition and hence the resistance 
10 or capacitance would not vary. These programmable devices may be used as tuned 
crcuit. in general (e.g.. frec^^ency selection in communication systems, tone controls 
a«d aud,0 systems, vohage controlled filter circuits), voltage controlled oscillators 
rVCOs-). signal level (e.g.. volume comrols). automatic gain controls CAGC) and 


the like. 


W,th continued reference to FIGS. 7 and 8, the exemplary PR/Cs represent a 
s,gn,f,cant departure from conventional silicon-based microelectronics. In fact, silicon 
.s not even required for the operation of the PR/C. Also, the overall manufacturing 
process i. considerably simpler than even the most basic semiconductor processing 
techniques. The simple processing techniques coupled with reasonable material costs 
20 provide a device with a low production cost. 

•V. Eiiectro Ojitic&i Devices 

In accordance with the ptesfent invention. PMC devices may also be 
.ncorporated in electro-optic applications by utilizing broad dendrite growth between 
wrdb etectrodes at high applied voltage. 
25 With reference now to FIGS. 9A and 9B. an exemplary optic device 90 is 

shown where FIG. 9A is a plan view of optic device 90 and FIG. 9B is a cross 
sectrona, view of Optic device 90 tak.n from line 9-9 of FIG. 9A. ,n this exemplary 
en,bodimen,. device 90 comprises a substrate 91 which provides the mechanical 
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support for thfe optic device. Next/ a fast Ion conductor 92 is formed on substrate 
91. fast ion conductor 92 being appropriately patterned to provide isolation betv^een 
adjacent cells or other devices. 

With cor^tinUed reference to FIGS. 9A and 9B. electrode materials are then 
5 deposited on fast ion conductor 92 and appropriately panerned to form electrode 93 
(e.g-. a cathode) and elebtrode 94 (e.g.. an anode), the configuration of electr««f.s 
. 93 and 94 are much broader in width than the electrodes of the horizontal MDM of 
OGS. 5A ahd 5B. When a large voltage {i.e.. voltage greater than 5 vohs) is applied 
t. electrbdes 93 and 94. a 'sheet' of metal dendrite 95 is produced, dendrite 95 
JO groWirtg from cathdde 93 along the surface of fast ion conductor 92 towards 
electrode &4. Dendrite sheet 95 may be used as a shutter f o block the passage of 
Lgbt through an optical cell or as a mirror to reflect light incident on the back or front 
surface of ojOtic device 90, 

With continued reference to FIGS. 9A and 9B. a transparent window 99 is 
1 5 formed over dendrite 95. A contact 97 and a contact 98 are then electrically coupled 
wrth electrode 93 and electrode 94. respectively. 

With continued referfence to FIGS. 9A and 98. a person of skill in the art will 
rfefcagnize there are other possible configurations or methods for constructing an 
electro-optic device in accordance with the present invention. 

20 V. Light and Short Wavotength Radiation Sensors 

i With reference how to FIGS. lOA and lOB, an exWm,>lary light and short 

v waVetength radiation ^nsor 106 is described where FiG. lOA feprfesants a plan view 

df sensor TOO and FIG. 1 OB illustrates a cross-section of sensor 100 taken from line 

10-IOof FIG. 10A. 

25 With corttinued reference to FIGS. IDA and 10B. sensor 100 comprises a • 

substrate 101 which provides the support for the sensor device. If substrate 1 01 is 
hon-insulating or otherwise incompatible with the materials used in sensor 100 an 
insulator 106 may be deposited on substrate 101 to isolate the active portion of 
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teriStir r60 from siibstyate 101. Next, a fast ion conductor 102 is formed on 
Substrate 101 (or formed on insulating layer 106 if an insulator ife used). The 
dirftehsibns (e.g. length, width and thickness) of fast ion conductor 102 will 
/deterrrtine, in part, the electrical characteristics of sensor 100. For example, if fast 
6 ion conductbr 1 02 is thin and has a length greater than its Width, the resistance value 
bf sensor 1 02 win be greater than the resistance value if fast ion conductor 72 was 
thick and its width was greater than its length. 

WHh cbntihued reference to FIGS. 1 OA and 1 0B, electr6de materials are then 
de^Sifed on fast ion cortdubtof 102 dnd apprbpri&tely patterhed to form electrode 
10 103 (e.g., a cathode) dhd electrode 104 (e.g., an anode). When a vohage is applied 
to cathode 1 63 and anode 1 04. a dendrite 1 05 grows from cathode 1 03 along the 
surface of fast ion conductbr 102 towards electrode 104. The dimension and shape 
of electrodes 103 and 104 comribute to the characteristics of sensor 100. For 
example, if electrode 103 is narrow or comes to a point, the electric field will be high 
15 Snd growth of deridrite 105 from electrode 103 will be rapid. On the other band, if 
electrode 103 has a broad configuration, the electric field at electrode 103 is 
relatively small and the growth of dendrite 105 from electrode 103 will be slower. 

With cohtinued reference to FIGS. lOA and lOB, a transparem window 109 
is ne)ct fdrrtied over electtodes 1 03 and 1 04 and Over the region reserved for dendrite 
20 105. Holes 145 are then appropriately provided in window 109 so as to allow a 
cowatt 107 and 3 cohtatt 108 to be electrically coupled with electrode 103 and 
, fe'^Tctrotffe 104, rdsjse6«^^ 

With cahtinued rfefefeh'ce to FIGS. IOa and lOB, a short wavelength radiatioh 
l lO enters sensor 100 through Window 109. the growth and dissolution rate of 
25 dendrite 105 is sensitive to visible light in the orange to violet range as well as to 
shorter Wavelengths, particularly, ultraviolet; the growth rate of dendrite 105 is much 
less sensitive to wavelengths below ultraviolet. Light of short wavelength 1 1 0 which 
is inciderit on transparent window 109 enhances the ionization of the metal during 
growth or dissolUtidri of dendrite 105 and hence the time to grow or dissolve dendrite 
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m jfedbced. this time difference may be detected by electronic means and then 
relatfed to the iritensity of the incideM radiation. 

Whh continued reference to FIGS. 1 0A and 1 0B, a person of skill in the art will 
; iffccoghizfe this is riot the only pbssible c6nfi9Uration or method for constructing a 
6 sensor device. For example, an alternate configuration for sensor 100 comprises 
forming electrodes 103 and 104 on substrate 101 ar>d then forming fast ion 
ctfridufetbr 102 ori top of thfese electrodes. In this case, dendrite 105 will grow along 
m iritferface between subistrate 1 01 and fast ion conductor 102. 

'V. CcfnclusiDn 

10 Thiis. in accbrdance with the present invention, a low cost, highly 

rrtShtifacturable device is obtained that may be employed in a variety of applications 
SUeh as memory devices, programmable resistor and capacitor devices, optical 
. devices, sensors, and the like. 

Atthbugb the present invention is set forth herein in the context of the 
15 appended drawing figures, it should be appreciated that the invention is not limited 
to the specific forms shovi^n. Various other modifications, variations, and 
fer>hahcements in the design, arrangement, and implementation of, for example, the 
mC, Bs set forth herein may be made without departing from the spirit and scope 
of the present invention as set forth in the appended claims. Furthermore, one of skill 
20 in the art will appreciate that various other applications arid uses exist for the PMC 
device besides the S|Secifid.exaifhples given. 
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What Is dairn^d is: 

L Pr^Dgrdmhiab|j& M^t^ltizatfbh Cell 

. 1 . A prbgrbrhrtiable metaltizdtion cell comprising a body formed of a fast 
5 ioh conldutrtor hriaterial having metaliic ions disposed thereirv, a plurality of conducting 
electrddes depbshed tis siaid body of rinaterial, said electrodes adapted to have a first 
voltagd applied befweeh two of said electrodes to program the cell by growing a 
rfet&lfec dendHte frbrft th^ negative of the t^o electrodes toward the positive of the 
tw^ etectrddes whil6 the first voltage is applied thereto. 

2. A prograrhmable metallization cell in accordance with Claim 1, wherein 
said two electrodes are adapted to have a sfecdhd voltage, opposite in pblarity to said 
first voltage, applied thereto to reverse growth of the metallic dendrite while the 
second voltage is applied thereto. 

3. A programmable metallization cell in accordance with Claim 1 , including 
15 an electrical inisulating rhaterial interposed between said two electrodes to inhibit 

metallic dendrite growth so that the metallic dendrite grown from one electrode can 
not grow to a point where it contacts the other electrode. 

4. A pToairailr>riniaibte metaffizatioh ceil in accordance virith Claim 1 , wherein 
said fsst ion tbnduttbr \t formed frbrn a metal ion-containing ^lass. 


^- A programmable metallization cell in accordance with Claim \, wherein 
Said fast ion conductor is formed of a chaJcogenide-metal ion material selected from 
the gtoup corisistihg of sulfur, selenium and tellurium. 
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6. A prograhimable nrietaflK^^^^ 
said fcbaicogenide-rhetai ion materia) contains a metal selected from the group 
conrsistiffg Of Group IB and Group IIB metals. 

7: A proSfamimablB metallization cell in accordance w 
S said. cHalcogenide-metal ion material contains a metal selected from the group 
clbnsistihg of silver, bopper and zinc. 

8. Apr6graff»mablemetallizatiohceinnaccOfdar>cewithClairnl^ 

sard fbSt ion c6r<duGtor is formed of a chalcogehide-metal ion material consisting of 
ia'rsignic tfisuljihide-silver; 

9. A prbgrammabte me-t&llizatiori cell in accordance with Claim 1, wherein 
said fast iOn bohductor cOihrtpris-es AgAsiS,. 

10. A method Of forming a programmable rhetallizMion cell comprising the 
st'e^s bf piroviding a body formed of a fast ion conductor material having metallic ions 
disposed therein, and providing a plurality of metallic electrodes deposited on said 

15 body of material. 

1 1 . A method of programmii^g the prografnrrtable rrietailization cell of Claim 
10, IrtciiJdin^ the additional &bp of applying for a predetermined tirnfe a first voltage 
fefetweeft two (if said pturality of efectredes to establish a r,egative electrode and a 
positive electrode to grow a metal dendrite from the negative electrode to the positive 

20 electrode during the predeterrhined time of application of the voltage. 

12. A iftelhod Of altering the programming of the programmable metallization 
cell of Claim 1 1. by application of a second vohage for a predetermined time to said 
two electrodes. 
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i 3. A method ^Itenhig the programfning of the programmable rnetallizatjon 
c'iilbi C\a)m 12, by applying a second voltage of the same pblarrty as the first voltage 
to further grow the rhmal dendrite from the negative electrode to the positive 
electrode, 

5 14. A method of aheri^>9 the programrhing of the programrnable metallization 

ceil of Claim 12, by applying a second voltage of a polarity opposite to the first 
Voltage tb reverse the metallic dendrite growth. 

1 5. A cell having programmable electrical characteristics cornprisirig: 
a fast ion conductor material having a surface; 

^0 an anode diisposed at said surf ace; 

a c^ithode dispdsed at said surface a set distance apart from said anode; 
a der>drite forrned at said surface and electrically cbupled to said 
csthode/s^id der>drite having a length defining electrical characteristics of said cell 
and said length being alterable by a voltage applied across said anode and said 
15 cathode. 

16. The cfeli of claim 1 5 wherein said fast ion conductor rnaterial comprises 
a cbalcogehide material selected from the group consisting of sulfur, selenium, and 

: tellurium. 

17. th6 cell of cfeirn 1 S wherein s^ld fast ion condubtbr rnaterial c6rhprise$ 
20 a rnaterial sblebtWd frohri the group cohsisting of sulfur, seleniurn arwi tellurium and a 

metal selected from Group IB or Group IIB of the periodic chart. 

18. the cell of claim 17 wherein said fast ion conductor comprises arsenic 
trisulphide-silver. 
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19: the cBli of tlairti 17 Wherein said aif«i>de consists of a rnetaf selected 
from ihfe group consistirvg of sirver. copper and zinc, and said catfwde compris^ 
aliimihtim; 


20. the cell of claiiH 19 whereiri said anode c6n^is!s of a silver-aluminum 
5 bilayer ahd said csthode consists of aluminum. 

21 . the ceil of claim 20 wherein said set distahde betweeri said anode ahd 
Vaid dthbda is in the rarige t)f hundreds of rfticrons tb hUridredths of microns. 

21. the cell of claim 1 7. wherein said fait ion conductor material is disposed 
b6tV»efen said attode and Said dathodfe, said anode and said cathode forming parallel 
10 planes. 

23. the cell 61 elaim 15 further comprising a supporting substrate for 
isrovidirtQ strength and rigidity to said cell. 

24. the cSell of claim 1 5 wherein said length of said dendrite increases when 
said vbhaga is appiifed aCrdsrS said cathode and said artOda. and said length of said 

1 S dendrite decreases whisn said voltage is reversed. 

25. the cfell bl blalm 24 wherein said leh&th df said aartdrite indreasas or 
r decreases at a rate "^^atfer than 10' when said yoltag^ is approximately 0.5 to 

1.6 Vblts. 


26. The ceil of clairn 1 5 wherein said dendrite remains imact when said 
20 voltage is removed. 
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27. the cell 61 claim 1 S further cbrn|5rls{rtg circuhty for meaguririg electrical 
characteristics rfelatfeiJ to said lehgth of ifaid der>drite at appropriate tiFr>e intervals. 

2£i. The cell of claiiti 1 5 further corhprising d layer, over &t ifeast a portion of 
said fast ion conductor matetisl. said anode, said fcathode arid i^did der<drite for 
5 protecting said cell from damage while still allowing for changes in said length of said 
dendrite. 


29. A mtethod of farming a pfogr&mmable cell comprising the ^eps of : 
providing a fast ion conductor material having a surfate; 
foirhiing an dnode at said surface; 

^ ° terming a cathode at said surface a set distance apart from said ahode; 

forming a non-Volatile dendrite at said surface, said dendrite being 
eiectricafly coupled to said cathode and wherein said dendrite has a length defining 
electrical characteristics of said programmable cell. 

30. The rnethod of claim 29 wherein said step of providing a fast ion 
15 conductor material comprises providing a chalcogenide selected from the group 

eonsisting of sulfur, selenium, and tellurium, and a metal selected from Group IB or 
Group IIB of the periodic chart. 

31 . The rnethod of clainni 30 whereiri said sifep of prdvidirig a fast ibh 
cohtobt WateriSl cbrhprises provi^^ 

20 32. The method of claim 31 wherein said step of providing an arsenic 

trisulphide^silver material comprises the step of illuminating a silver film and an 
arsenic sulphide layer with a light of wavelength less than 500 nanometers. 
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53. the method of claim 29 wherein said step 6f tofmiu^ ah ahtkfe 
(^dhrtpmes forming an anode of a materia) selected from the group consisting of silver, 
copper and zinc, arid said step of forming a cathode corhprises forming a cathode 
cPmprisir^g a conducting material. 

5 34. the method of claim 29 wherein said step of forming a cathode 

cortiprises forming a cathode in a plane parallel to said anode. 

35. The method of claim 29 further comprising the step of providing a 
supporting substrate for strength and rigidity to siaid programmable cell. 

36. The method of claim 29 further comprising the step 6f providing circuitry 
16 fdr rrveasuring electrical characteristics related to said length of said dendrite at 

appropriate time intervals. 

37. The method of claim 29 further comprising the step of prbvidfng a layer 
over at least a portion of said fast ton conductor material, said anode, said cathode 
and said dendrite for protecting said cell from damage while still allowing for changes 

15 in staid length of ^aid dendrite. 

36. A methbd for programming the cell of claim 29 comprising the step of 
aplp*^iny a vbltage iferbss said cathode arid Said ar^ode so as to inbrfeake or decrease 
Said tehgtb dr said de^^^^ 

39. A programmable metallization cell comprising a body forhDed of a fdst 
2b ion conductor material havir>g metallic ions disposed therein, a cathode and ah Br>ode 
deposited on said body of material, said cathode and anode adapted to have a first 
voltage applied between them to program the cell by growing a metallic dendrite from 
the cathode toward the anode while the first voltage is applied thereto, and further 
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cbmprJsirig at least 6m additional electrode provided In the body with an Isolating 
rhMerial isolating said at least one additional elertrode from the metalBc dendrite and 
fast ion conductor. Whereby electrical characteristics measured between any two of 

, the cathode; ahad^, and at least one additional electrode, vary ih accordance with the 

5 growth, of the nietaltic dendrite. 

40. A Drograwmable metallization cell in accordance with Claim 39. wherein 
said fais;t Joh cbhdlictor material Is a chalcogenlde selected from the group consisting 
of solfor. selenium ^nd tellurium, and said metallic ions are formed from a metal 
selefeted from the groUp consisting of silver, copper arid zinc. 


10 


41 . A pro^ranirridble metallization cell in accordance with Claim 40 wherein 
s^id Isolating msterlal comprises a dielectric such that the electrical characteristic 
Which varies In accordance with growth of the metallic dendrite 

is cdpacltanc6. 

42. A programmable metallization cell In accordance with Claim 40 wherein 
15 said isolating material comprises a resistance material such that the electrical 

characteristic which varies in accordance with growth of the metallic dendrite is 
resistance. 

43. A pfbgrarfiim^ble rt»etalliz&tlor> tfell comprl^ng a body forrt)^«f of a fast 
ibh cohdOMbr material fo^^^^ of a chalcogenlde material selected frbm the group 

20 consisting of sulfur, seler^lum and tellurium, and having rhetallic ions selected from 
the group consisting of silver, copper and zinc disposed therein, a cathode and an 
anode deposited on Said body of material, said cathode and anode adapted to have 
a first vohage applied between them to program the cell by growing a metallic 
dendrite from the cathode toward the anode while the first voltage is applied thereto. 

25 and further comprising at least two additional electrodes in the body with a material 
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isblStihg said two &dditiottal electrodes from the metaftic dendrrte and fast ion 
conductot, whereby electncaf characteristics measured betweeri any two of the 
caihode. anode, and two additi6nal electrodes, vary in accordance with the growth 
6f the metallic dendrite. 

.5 44. A prograrftiTiable metallization ceH in accordance with Claim 43 wherein 

said isolatihg material comprises a dielectric such that the electrical characteristic 
Which varies in accbrdabce with growth of the metallic dendrite 
is' capacitance. 

45. A programmable metallization cellin accordance with Claim 43 wherein 
10 s^id isotetihg material c6mpriSes a resistance material such that the electrical 
characteristic which varies in accbrdartce with gr6wth of the metallic dendrite is 

resistahce. 


H. Metail Dendrite Mferhdry 

46. A non-volatile memory element comprising a programmable metallization 
15 cell in accordance with any of claims 1-9, 15-28, and 39-45. 

47. A method for forming a non-volatile memory element cornprising the 
steps of forming a j^rogramrhable metallization cell in accordance v^ith any of claims 
10-14, and 29-38. 


20 


HI. Progiirammable Rcfsistaiice/Capacitdnce Devices 

48. A programmable resistar.ce element comprising a programmable 
metallization c^ll in accordahc^ v^ith any of claims 1-9, 15-28, and 39^5. 
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49. A meto Of forinihg a programmable resi^^ 

steps of formiftg a prOgrammabTe metalBzation cell in accordance with any of claims 
10-14 and 29-38; 

50. A programmable capacitance element comprising a programmable 
5 rrietallization cell in accordance with any of claims 1-9, 1 5-28. and 39-45. 

51. A method of fermin§ a programmable capacitance element comprising 
the steps Of forrning a programmable metallization cell in accordance with any of 
claims 10-14 and 29-38. 
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iV. Electro-optical bevices 

52. An optical device for switching between a light transmitting mode and 
alight blockage or reflfectittg rnoUe, cornprising a programmable metallization cell in 
accordance with any of claims 1-9.15-28. and 39-45, wherein the two electrodes to 
which a voltage is applied to fonm said metallic dendrite are of relatively large lateral 
extent and function to grow a metallic deridrite of relatively large lateral extent, and 

1 5 in Which said fast ior> conductor has a least one portion transparem to light of some 
wavelength, such that programming of formation of said dendrite will selectively 
block and unblock light transmission through said fast ion conductor. 

53. A method of forming an Ojitical switch comprising forming a 
pfogriammable rtietailizatioh ceil in aCtordaice whh &ny 6f claims 10-14. and 29-38, 

20 wbereih the two electrodes betweeri which a voltage is applied to program metallic 
dendrite growth have a relatively large lateral extent, and in which said fast ion 
conductor has at least a portion thereof transparent to light of some wave length, 
whereby dendrite growth is selectively coritrolled to block or unblock portions of the 
transparem portion of the fast ion conductor to function as an optical switch with 

25 respect to light oriented to pass through said transparent portion. 
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54. A radlatioh sensor comprising a programitrable metallfea^ion cell formed 
5h accbrdahce with any of claims 1-9. 15^28 and 39-45. wherein said fast ion 
tdrtiiuttdr mi a. portion thSrebf transparent to light^nd ishOTt wavelength radiation 
5 fofh)6d in said fSsft idn cfaihductor at a focstlon allgrteH with &n axis of dendrite growth 
between said tWo electrodes to which a voltage is applisd to prbgram dendrite 
growth, whereby the rate of formatlori or dissolution of said metallic dendrite in 
feSpbnse to a predetermined applied voltage between said two electrodes is 
d^fpehdenit on the light or radiation incident oh said transparent portion of said fast 
lb ion cohductor, such that said programmable metalfeation cell functions as a light or 
radiation sensor. 

55. A ftifeihod of forming a radlStion sensor comprising forming a 
prograrnmable metaliizatidh ce|l in iaccbrdahce with any of claims 10-14. and 29-38. 
wherein said fast ioh cohductor has at least a portion thereof transparent to 
5 light or short wavelength radiation, and wherein a predetermined voltage Is constantly 
applied to said two eiectrbdes. whereby rate 6f growth or dissolution of said dendrite 
functions as an indication of the amount or Iriterisity of incident light or short 
Wavelength radiatibn. 
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